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SUMMARY 
 
This thesis is focused on the development of capillary electrophoresis with capacitively 
coupled contactless conductivity detection (CE-C4D) for quantification of small organic 
ions that are poorly UV absorbing molecules in clinical analysis and related applications.  
 
CE-C4D is suitable for clinical analysis that usually involves small sample volumes in the 
nanolitre range.  Due to the high separation efficiency obtained in CE measuring the 
analyte ions in the presence of complex matrices is possible.  The determination of uric 
acid was firstly examined and to our knowledge CE-C4D had not yet been explored for 
the routine compound analysis.  We successfully determined uric acid in plasma and 
urine samples in its anionic form using MES/His buffer.  The detection limit was 
acceptable and the results obtained were well correlated with the standard enzymatic 
method.  We further investigated the determination of non-UV absorbing molecules, 
namely lactate, carnitine and acylcarnitines.  CE-C4D proved to be suitable for the 
analysis of these compounds with little sample preparation and without any derivatization 
steps.  The developed method was much simpler compared to the enzymatic as well as 
chromatographic methods.  Plasma lactate, which is an important parameter to evaluate 
the anaerobic metabolism and the exercise intensity in terms of the lactate threshold, was 
quantified.  We successfully performed the quantification of plasma lactate in its anionic 
form using MES/His buffer in CE-C4D.  The plasma lactate concentrations at different 
exercise conditions and the lactate threshold curve were achieved under optimum CE 
conditions.  The results obtained by CE-C4D corresponded to the results observed by the 
enzymatic method with acceptable correlation.  We also demonstrated the determination 
of carnitine and its derivatives (acylcarnitines) in various clinical samples.  Free carnitine, 
short- and medium-chain acylcarnitines, consisting of acetyl-, propionyl-, isovaleryl-, 
hexanoyl-, octanoyl-, and valproyl-carnitines in plasma and urine samples were 
successfully quantified.  The similarity of their chemical structures posed a high 
challenge in this study and required comprehensive optimization of the running buffer.  
An acetic acid buffer at pH 2.6 in the presence of hydroxypropyl-β-cyclodextrin (HP-β-
CD) as a modifier was found to be the optimum.  The isomers of valproyl- and octanoyl-
carnitines could additionally be distinguished under this optimum condition.  The LODs 
of carnitine and acylcarnitines were generally acceptable.  The results obtained by CE-
C4D in various clinical samples were compared to standard enzymatic- and LC/MS-
methods.  The results were satisfactory. 
 
In food analysis, the determination of lactic acid and carnitine in various food samples 
were also achieved using CE-C4D with simple sample preparation steps. The 
determination of D- and L-lactic acid in fresh and spoiled milk and yogurt samples were 
successfully obtained in the presence of Tris/Maleic acid buffer using vancomycin as a 
chiral selector.  The LODs were generally satisfactory.  In addition, the determination of 
carnitine in food samples was investigated in the presence of acetic acid buffer at pH 2.6.  
The validated method was further utilized in food samples analysis.  The carnitine 
contents in various samples consisting of meat, dairy foods and fruit products and food 
supplements were successfully quantified with good method reproducibility, and the 
results obtained were acceptable.   
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1. INTRODUCTION 
 
1.1 Introduction to Capillary Electrophoresis (CE) 
 
1.1.1 Historical background and development of electrophoresis  
 
Electrophoresis is a separation technique for charged species employing the influence of 
an electric field.  Electrophoresis was introduced by Arne Tiselius in 1937.  Tiselius 
studied the moving boundary of protein mixtures using a U-shape tube under the gradient 
of applied voltage.  He found that the migration of moving boundary of protein was in the 
same direction at a rate determined by their charge and mobility under an electric field.  
Hence, he called this feature of migration as “moving-boundary electrophoresis” [1, 2].   
However, the moving boundary electrophoresis by Tiselius was unsuitable for high 
electric potentials, required large sample volumes and it was inappropriate for the 
separation of similar structure compounds.  In addition, the separation efficiency was 
limited by diffusion and convection effects caused by “Joule heating”.  This heating is 
principally determining the resolution efficiency in electrophoresis.  In 1955, Smithies 
invented electrophoresis in a starch gel to separate the serum proteins [3].  He used a 
starch gel as an anti-convective supporting medium in order to prevent the heating 
diffusion and convection effects when a high potential was applied.  The use of the anti-
convection medium could significantly improve the resolution efficiency.  Thus, proteins 
with closely similar mobility could be successfully separated in starch gel.  This 
separation mode has been called “zone electrophoresis”.  Consequently, the use of anti-
convection media such as starch gel, filter paper, agarose, cellulose acetate or 
polyacrylamide gel has been widely employed for the separation of various biological 
macromolecules [4, 5].  However, disadvantages such as long analysis times, low 
efficiency, difficulties in detection and automation were still observed.  Hence, 
electrophoresis in a narrow-bore tube was developed.   
 
Electrophoresis in a narrow-bore tube has been known as capillary electrophoresis (CE).  
CE was initially described by Hjertén in 1967.  He invented a fully automated version of 
capillary free zone electrophoresis apparatus by using a 3 mm internal diameter (id) 
rotated millimeter-bore quartz-glass capillary.  This capillary was coated with 
methylcellulose in order to minimize the convection effect and heating diffusion [6].  In 
1974, Virtanen followed Hjertén’s work by using a small glass capillary tube of 
approximately 200 µm id in order to increase separation efficiency [7].  A different 
capillary consisting of a teflon capillary tube of 200 µm id was also reported by Mikkers, 
et.al [8].  In early 1980s, Jorgenson and Lukacs advanced the CE technique by using 75 
µm id of fused silica capillary to separate charged compounds and amino acids with on-
column fluorescent detection [9, 10].  The use of a narrow bore capillary has presented 
better separation efficiency for zone electrophoresis.  This is mainly due to the increasing 
of surface to capillary volume ratio that can significantly reduce the heating and 
convection effects.  Moreover, only a small amount of solution is required to perform the 
entire separation. 
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1.1.2 Basic principles of capillary electrophoresis 
 
Capillary electrophoresis (CE) is the separation of charged species in a narrow capillary 
under the electrical field.  The migration of charge species depends on their velocity that 
relies on their charge, size and shape.  The CE system is generally comprised of a 
narrow-bore capillary with diameter between 25 to 100 µm, high voltage power supply 
with operating voltage at 5 to 30 kV, buffer reservoirs, detector and data acquisition 
system, see the schematic in Figure 1.  A fused silica capillary is commonly used in CE.  
Each end of a narrow bore fused silica capillary is placed in the reservoirs filled with an 
electrolyte buffer solution (or sometimes called running buffer).  Electrodes usually made 
from platinum are dipped into the electrolyte solution and connected to a high voltage 
supply.  A sample is introduced by applying a difference of height, pressure or voltage 
between each end of capillary for a specific period.  A detector is set on-column for 
detecting the signal of the species.  An output signal is then transferred to be recorded by 
a data acquisition system. 
 
 
Figure 1. Schematic of a capillary electrophoresis system 
 
 
A separation of ions in CE is based on their velocity in an electric field.  An ion velocity 
(v) can be given by the equation below 
 
   v = µeE      (1) 
 
where   v  =  ion velocity in cm s-1 
µe  =  electrophoretic mobility in cm2 s-1 V-1 
E  =  electric field strength in V cm-1 
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An electric field (E) is a function of the applied voltage and the capillary length.  The 
electrophoretic mobility (µe) of ion is a constant which is characteristic of that ion and it 
is determined by the electric force (FE) and the frictional force (FF) by the equation below 
 
   µe =     (2) 
 
where the electric force (FE) is the force of velocity of ion under medium which is a 
function of the electric field and ion charge, and it can be given by 
 
   FE = qE      (3) 
 
and the frictional force (FF) is the force of viscosity of ion under medium which can be 
expressed by Stokes’ Law, 
 
    FF  = 6πηrv      (4) 
 
where   q  =  ion charge   
η  =  solution viscosity  
r  =  ion radius 
v  =  ion velocity 
 
Those two forces are competing for an ion of radius r during electrophoresis and they are 
equal at a steady state in electrophoresis, but opposite direction.  It can be given as shown 
below 
 
 qE = -6πηrv      (5) 
 
 
The electrophoretic mobility (µe) can be obtained by solving of equations (1) and (5) 
which yields:  
 
   µe =       (6) 
 
From equation (6), it is demonstrated that ions with smaller size and higher charge 
possess higher mobility than ions with larger size and smaller charge.    Thus, ions with 
higher size and smaller charge will tend to migrate slower towards the detector.  
However, the mobility of ions not only depends on charge and ion size, but is also 
affected by the electroosmotic flow (EOF) as discussed below. 
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Electroosmotic flow (EOF) is an important movement mechanism in CE.  It is a flow to 
drive all species towards the detector.  EOF reflects to the bulk flow of liquid inside a 
fused silica capillary caused by a surface charge on the interior capillary wall.  A fused 
silica capillary used in CE has numerous silanol groups (SiOH) on the interior surface.  
When an aqueous buffer is placed inside a capillary, the silanol groups are partially 
ionized to silanol anionic form (SiO-).  This feature is presented in Figure 2.  The silanol 
anionic forms will pair with counter cations from the buffer in order to maintain a charge 
balance.  This ionic attraction leads to the formation of a layer which is known as “the 
fixed layer”.  However, the cationic forms are not able to neutralize all the negative 
charges.  Thus, a second layer of cationic ions is presented forming “the diffuse layer”.  
The double layers of cationic ions cause the EOF flow and this flow will drag all species 
according to their mobility through the capillary towards the detector.  Under the electric 
field applied, the diffuse layer is migrated towards the negative electrode (cathode).  
Hence, cationic species migrate fastest toward the cathode.  The EOF and neutral ions 
migrate together and anionic species migrate slowest to detector.   
 
 
 
 
Figure 2.  Interior capillary surface to form EOF 
 
 
The magnitude of the EOF is controlled by the isoelectric point (pI) of the silanol groups 
and electrolyte pH value.  Thus, the EOF becomes significantly strong when electrolyte 
flowing through the capillary has a pH value above 4.   At high pH, a rapid EOF can elute 
the solute before the separation is occurred.  In contrast, low pH leads to protonate and 
therefore, the EOF is lower at low pH.    
 
The magnitude of the EOF can be defined as a proportion of potential difference across 
the layer.  This differential potential is known as the zeta potential (ζ). The function of 
the magnitude of the EOF and the zeta potential can be expressed by the equations below 
 
    vEOF =      (7) 
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or    µEOF =      (8) 
 
where    vEOF  =  velocity of the buffer 
µEOF  = EOF mobility  
ζ  =  zeta potential  
 =  dielectric constant of the buffer 
 
The EOF mobility can be obtained experimentally from the migration time of the neutral 
markers such as DMSO and acetone.  It is a function of the capillary effective length 
which is the length from inlet to detector, as well as applied electric field according to the 
equation below  
 
µEOF     =               (9) 
 
 where    leff = effective length of capillary 
    L = total length of capillary 
    V = applied voltage 
    t = migration time of EOF marker 
 
 
The feature of the EOF is a flat and uniform profile throughout the capillary as opposed 
as the laminar flow presented in HPLC, see for the comparative features in Figure 3.  The 
homogeneous flow supports the dispersion of an analyte zone in the same velocity and it 
approaches a narrow peak in CE.  
 
 
 
Figure 3.  The flow profiles in CE (a) compared to HPLC (b) 
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The optimization of the EOF can be obtained in many ways in order to improve 
separation and resolution efficiency, for example: 
1) Varying the applied potential  
Increasing of the applied potential can improve the separation and resolution 
efficiency and increase the EOF.  However, the joule heating may be problematic 
extremely when high potentials are applied. 
2) Varying the buffer pH  
The buffer pH value can significantly change the EOF magnitude and importantly 
affect to dissociation constant of analyte species in conductivity detection method.  At 
high pH value, the silanol groups are fully ionized and a strong zeta potential is generated 
that leads to the increase of the EOF.  In contrast, the EOF is lower at low pH. 
3) Modifying the ionic strength of the buffer concentration   
Increasing of the ionic strength not only decreases the zeta potential by compressing 
of double layer, it also generates more heating.  Moreover, higher concentration of 
running buffer has a higher viscosity that leads to lower EOF.  Usually in CE, buffer 
concentrations are employed in the range from 10 to 100 mmol/L. 
4) Increasing temperature 
The temperature can change the viscosity of buffer by 2-3% per ºC due to a decrease 
in the buffer viscosity.  This results in higher EOF. 
5) Adding the buffer modifier 
Modifiers can create an effect on the double layer and decrease the EOF.  Buffer 
modifiers, for example adding organic solvents (methanol or acetonitrile) as well as 
adding polymer such as polyethylene glycol (PEG) can be used to reduce the EOF, or the 
addition of quaternary alkyl ammonium compounds (CTAB or TTAB) can be utilized to 
reverse the EOF while the addition of surfactant such as polysorbate 20 (commercially 
known as TWEEN 20) can modify the EOF and also minimize sample adsorption on the 
interior wall.   
 
 
1.1.3 Modes of capillary electrophoresis  
 
The operations of CE have generally been classified as follows:  
1) Capillary zone electrophoresis (CZE)  
CZE is the most widely used mode due to its simplicity and versatility of operation.  
It is performed in a homogeneous background electrolyte and in a constant field strength 
applied along the capillary.  The separations of both cationic and anionic species are 
governed by the EOF and all species migrate according to their individual mobility, based 
on charge to size ratio.   
2) Capillary isoelectric focusing (CIEF)  
CIEF is a separation according to the basis of isolectric point (pI) of analyte under a 
pH gradient in buffer.  Anayte is migrated to a point at which a net charge is zero 
according to its pI.  This mode is useful for protein characterization according to its pI as 
well as for determining a pI value of an unknown protein.  It is also used as the first step 
in multi-dimentional separations of protein mixtures, see for example by Dickerson et.al 
[11] that they used CIEF and CZE to create a 2-dimention separation method for proteins.  
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3) Capillary isotachophoresis (CITP)  
CITP is a separation under a discontinuous electrical field to create a boundary of 
analyte between two zones consisting of leading and terminating zones.  Analyte is 
focused between these two zones according to its mobility.  This mode is commonly used 
as a sample pre-concentration or sample purification step.  Purification of Nucleic acids, 
for example, it can be carried out to the purification and quantifification from nanoliter 
volume of whole blood [12]. 
4) Micellar electrokinetic capillary chromatography (MECC)  
MECC is a separation mode, which is based on differential partitioning between 
micelles (pseudo stationary phase) and running buffer (mobile phase).  Sodium dodecyl 
sulfate (SDS) is normally used for the micelles.  This technique can separate charged and 
neutral species in the same run.  The different migrations of ions are from the variations 
of ion characteristics across micelles.  The method is usually utilized for peptides 
separation.  
5) Capillary gel electrophoresis (CGE)  
CGE is an adaptation technique of traditional gel electrophoresis by using polymers 
to create a molecular sieve. This mode is based on size difference of ions that leads to 
size-exclusion separation.  Thus, similar charge-to-mass ratio compounds can be 
separated using CGE. The applications method is commonly employed for weight 
analysis of proteins and sizing of DNA fragment. 
6) Capillary electrophoresis chromatography (CEC)  
CEC is a hybrid of the two separation methods CZE and HPLC by using an electric 
field to propel the mobile phase through a packed bed.  The use of a small-diameter 
packed bed can minimize backpressure and can achieve a higher efficiency in this mode.  
CEC mostly appears in on-line pre-concentration prior to separation and detection [13]. 
 
 
1.1.4 Detection for capillary electrophoresis  
 
Most of the detection methods for CE have been adapted from chromatography and the 
most common ones are described: 
1) UV/Vis detection is widely used in CE due to its high sensitivity, low cost and 
simplicity.  The detection is responsive to UV-absorbing molecules.  Creatinine, for 
example a UV absorbing molecule, can be directly detected in urine by UV detection 
method at 214 nm [14].  For non-UV-absorbing molecules such as inorganic ions, amino 
acids and sugars are necessary to perform with indirect modes.  Indirect detection is 
usually carried out by adding an intermediate absorbing molecule into the running buffer 
such as the use of 3,5-dinitrobenzoic acid (DNTB) as a background absorbance for 
indirect UV absorbance detection at 254 nm in order to determine organic acids in wine, 
see for example [15].  However, the drawbacks of indirect detection method are low 
sensitivity, high detection limit and poor linearity range. 
2) Fluorescent detection is a highly sensitive detection method.  Detection limits can 
be obtained in the range of 10-7–10-6 mol/L.  However, it has not been widely used as 
most compounds do not fluoresce. Thus, derivatization procedures are usually needed to 
label compounds with a fluorophore group prior to measurement. The determination of 
low molecular mass aldehydes in drinking water, for example, can be achieved at sub-
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microgram/liter lever (0.15-0.35 µmol/L) after labeling with fluorescein 5-thio-
semicarbazide (FTSC) [16].   However, the detection is limited in linear range. Several 
recent review articles on fluorescent detection method for bioanalytical application, 
pharmaceutical and environmental samples are available, see for example [17-19].   
3) Mass spectrometric detection is highly sensitive which provides a desirable 
detection limit.  The measurement generally provides important information on analyte 
structure.  However, it is an expensive detection method and unavailable for many 
laboratories. The use of CE coupling with MS detection has been explored for many 
applications, see for example [20, 21].  Desiderio, et.al recent reviewed CE-MS method 
for the quantification and characterization of proteins and peptides in clinical samples 
[22]. 
4) Potentiometric detection is a simple electrochemical method.  The detector 
consists of two electrodes namely working and reference electrodes.  The working 
electrode normally uses a crystalline-, liquid- or glass- membrane that is specific and 
permeable only to ion of interest.  Thus, the working electrode is also termed ion-
selective electrode (ISE).  The potential change between electrodes is measured 
according to the Nernst’s equation. The applications of potentiometric detection have 
been described [23, 24].  Bakker, et.al reviewed the achievement of potentiometry 
electrodes coupled with analytical techniques including CE for diverse applications such 
as bioanalysis [25].  Kubáň, et.al reviewed CE-electrochemical detection methods in 
which the principle and application of potentiometry detection has been reported [26].  
5) Amperometric detection is a method that measures the current change during 
oxidation or reduction of ions of interest.  It generally requires three electrodes namely 
working-, reference- and auxiliary-electrodes.  A constant potential is applied between 
working and reference electrodes and the current resulting from electron transfer is 
measured between working and auxiliary electrodes.  The recent review on amperometric 
detection method for CE, especially for microchip CE, has been summarized by Wang 
[27], and a portable microchip CE with amperometric detection has been invented by 
Villa, et.al for separation of neurotransmitters [28]. The electrode maintenance is 
important for amperometric detection as well as potentiometric detection in order to 
achieve the desirable reproducibility. 
6) Conductivity detection is the most general electrochemical detection method in 
CE. All charged species can be determined. Conductivity requires two platinum 
electrodes to measure the current that passes through the buffer when a potential is 
applied.  The current measured rely on the conductivity according to Ohm’s law.  The 
applications of conductivity detection are primarily for poor- or non-UV absorbing 
molecules determinations such as inorganic cations [29, 30] and metal ions [31, 32].  The 
principle of electrochemical detection methods including conductivity detection and its 
application for inorganic species has been reviewed by Kappes, et.al [33].  The 
conductivity detection method can be utilized in many fields of application such as in 
pharmaceutical and clinical analysis [34, 35].  The conductivity detection can be 
performed with and without a galvanic contact of electrolyte solution as will be discussed 
below.  However, the detection has limited by choices of buffer due to a response to any 
ions in background solution.  High background conductivity may affects the detection 
and sensitivity of analyte species.  Thus, the selection of background with low 
conductivity and high ionic strength is suitable for this detection method. 
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1.2 Capillary electrophoresis with capacitively coupled contactless 
conductivity detection (CE-C4D)  
 
1.2.1 Basic principles of conductivity detection 
 
The conductivity detection is a universal and inexpensive detection method that can be 
combined with various separation modes in CE.  Unlike potentiometric or amperometric 
detection method, conductivity detection does not rely on an electrochemical reaction on 
the working electrode surface but it measures the electrical signal (conductance) between 
electrodes.   
 
When the voltage is applied to the electrodes, the current from the ion movement passes 
through the buffer that is based on Ohm’s Law as given by the equation below 
 
      V    =    i R             (10) 
 
 
where   V  = applied voltage 
i = current measured 
R = resistance between two electrodes.   
 
The resistance (R) is directly proportional to the distance between electrodes (l) and 
inversely proportional to the surface area (A) of electrodes and it follows that 
 
                                                 (11) 
 
where ρ is the resistivity of an aqueous solution which is a constant value at a fixed 
concentration and a particular temperature.  The reciprocal of the resistance of electrolyte 
is called the conductance (G), given by 
 
                                                                     (12) 
 
The conductivity (κ) is an intrinsic property of solution that contains all chemical 
properties of ions which is expressed by  
 
                                                                                             (13) 
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The conductivity can be given by the following equation  
 
                                                                                                          (14) 
 
where Ci is the concentration of ion, ui is  the mobility of ion correlating to its charge (Zi), 
solvated radius (Ri), the elementary charge constant (e) and the viscosity of the solvent 
(η), it follows that 
 
                                                                                                        (15) 
 
Thus, conductivity can be written in term of the mobilities of all ions  
 
 
                                                                           (16) 
 
 
where   F  = the Faraday constant (96,485 C/mol)  
Ci  = the concentration of ion “i” in mol/cm3.   
 
Considering equation (16), the conductivity relies on the ion charge (Zi), mobility of the 
ions present (ui) and concentration of ions (Ci) in the solution.  
 
 
1.2.2 Capacitively coupled contactless conductivity detection (C4D) 
 
Conductivity detection in CE can be performed either through contact or in a contactless 
mode and there is no fundamental difference between conventional contacted 
conductivity and capacitively coupled contactless conductivity detection [26].  Working 
with the contactless method requires high frequency at several hundred kHz for excitation 
while in contact mode an operating frequency around 1 kHz is used.  The advantages of 
contactless conductivity mode are, avoidance of corrosion of electrode, prevention of 
electrode fouling, simple construction of the detection cell and then its possibility to be 
miniaturized.  Electrodes placing around the capillary leads to an easy setup, an exact 
alignment of electrodes matching of various diameters of capillary used as opposed as the 
difficulty of alignment in the contact conductivity detection method in which it is 
problematic to position the electrodes matching those of small internal diameter of 
capillary.  Due to the easy of construction, a contactless conductivity detector can also be 
combined with a commercial CE-instrument.  Commercial versions of C4D detection 
have recently become available in the market that can be coupled with analytical 
techniques such as IC, HPLC or FIA (www.edaq.com and www.istech.at). 
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Contactless conductivity detection was introduced in 1980 by Gaš [36].  It was described 
as a new detection method for capillary isotachophoresis (CITP).  A high frequency was 
applied to a four electrodes system that was placed externally around a 800 µm outer 
diameter of narrow bore tube.  The mobilities of anionic species in aqueous solution were 
tested.  The electrodes in this configuration did not contact the electrolyte and therefore 
any undesirably interfering and fouling effect were prevented.  In 1998, two independent 
research groups; Zemann, et.al [37] and Fracassi da Silva and do Lagodo [38] developed 
the contactless conductivity detection with two axial tubular electrodes which are made 
of a conducting silver vanish.  Electrodes were painted around the outer polyimide 
coating of the fused-silica capillary (< 400 µm outer diameter) with 2 mm gap in 
between.  In 1999, Mayrhofer, et.al demonstrated the contactless conductivity detection 
with a detection gap between electrodes at 1 mm using high frequency input between 40 
to 100 kHz for excitation [39] and a different contactless conductivity detector 
arrangement had also been reported by Kaniansky, et.al [40].  In 2001, Tuma, et.al 
constructed a contactless conductivity detection cell by using semi-tubular electrodes 
instead of tubular electrode [41].  The electrodes were made of a strip of aluminum foil 
using an operating ac signal with frequency as high as 200 kHz and amplitude of ± 10V 
and an improved version of contactless conductivity detector was reported in 2002 by the 
same research group [42].  Using the ac signal at 12 V and the frequency up to 460 kHz 
has been employed for the improved version in order to study the effect of the gap 
between electrodes (0.2-1.0 cm in between) on the behavior of the conductivity cell.  In 
2002, Tanyanyiwa, et.al described a different improved design of C4D which could carry 
out the detection at higher amplitude with input voltage up to 250 Vp-p and successfully 
increased the detection sensitivity [43].  An excitation voltage up to 500 Vp-p was also 
achieved for microchip CE [44]. 
 
The configuration of the contactless conductivity detection method in principle required 
two tubular electrodes which are normally made of a conductive silver varnish or short 
metallic tubes.  Electrodes namely actuator and pick-up electrodes are removed from the 
solution but they are placed around a narrow bore capillary with a millimeter gap in 
between.  Between two electrodes, a grounded Faraday shield which is made of a thin 
copper foil is usually used to avoid direct capacitive coupling, see the schematic 
configuration of C4D in Figure 4.  At electrode surface, a double layer is established by a 
coupling between charges in the electrodes and an opposite charge in the electrolyte 
solution inside the capillary.  This double layer leads to a capacitive behavior on each 
electrode.  Between the two plates of a capacitor, the resistor behavior is formed by the 
resistance of solution.  Thus, a capacitor-resistor-capacitor arrangement is presented and 
the equivalent electronic circuitry in a C4D-cell is shown in Figure 5.  An ac signal with 
sufficient frequency is applied for excitation in order to suppress the influence of any 
reduction/oxidation occurring at the electrodes, minimizing the influence of reactance of 
the liquid and prevent a current limitation.  An ac signal, mostly employing a frequency 
between 20 to 900 kHz and an amplitude about 20 to 24 V is applied at the first electrode, 
namely actuator electrode [45].  When the ionic species run through the detection gap, a 
voltage drop on the resistance is noticed and the difference of conductivity between the 
electrolyte and anlayte ions is observed.  The relationship between voltage drop and 
current resulted can be calculated according to Ohm’s law, yielding the resistance or the 
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conductance of the electrolyte solution.  The conductance (G) is dependent on surface 
area of electrode (A), distance between electrodes (l), concentration of ion (Ci) and 
mobility (ui) as given in the equations in the section 1.2.1.  The output signal is picked up 
at the second electrode which is connected to a current-to-voltage convertor.  This output 
is further amplified, rectified, and reported to a read out system. 
 
 
Figure 4. The configuration of CE-C4D 
 
 
 
Figure 5.  Schematic drawing of C4D 
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1.3 Applications of capillary electrophoresis 
 
There are several reasons why CE has been utilized in many fields.  CE gives fast results 
and provides high resolution and separation efficiency due to the use of high voltages for 
separation.  Compared to the enzymatic or chromatographic methods, CE has advantages 
such as short analysis time, low reagent and sample consumption, high selectivity, low 
effects from matrices in samples, and simple sample preparation.  Several modes of CE 
provide various applications for cationic or anionic forms of inorganic and organic 
compounds, or simultaneous analysis.  Besides, CE is highly profitable for the separation 
of chiral compounds.  The separation only requires the addition of a specific chiral 
selector into the background electrolyte.  Unlike in HPLC, a special and expensive chiral 
column is not needed for separation.  The applications of CE have been recently reviewed 
for diverse applications such as inorganic species analysis [46], enantioseparation [47], 
and forensic science [48].  Moreover, CE can be coupled with several detection methods 
such as UV, MS and conductivity detection. Nicholas, et.al recently summarized 
capillary electrophoresis consisting of fundamental background, modes of separation and 
detection and variety fields of applications [49]. However, detection on commercial CE 
instruments is generally performed by photometric (UV) detection.  Thus, for non-UV-
absorbing compounds, indirect detection must be employed.  However, indirect methods 
generally result in small linearity ranges.  Electrochemical detection is hence an 
alternative detection method for a wide variety of compounds especially for non-UV-
absorbing species measurements.  Particularly, conductivity detection is a universal 
detection method and is easy to fabricate at low cost compared to other electrochemical 
detection methods.   
 
The applications of CE with C4D had been previously reviewed by Zemann, et.al in 2001 
which included the discussion on the theoretical and instrumental background of 
conductivity detection [50].   The detection in the early stage was applied to the analysis 
of non UV-absorbing species such as inorganic ions.  Direct detection can be carried out 
by C4D which provides high separation efficiency.  The analysis of inorganic species in 
complex sample matrices have been successfully reported, see for example [30, 40].  
Alkali and alkaline earth metal determinations had also been achieved with CE-C4D with 
detection limits lower than 1 µmol/L.  The determination of heavy metal ions has also 
been possible.  CE-C4D had been employed for metal ion analysis [51, 52].  Moreover, 
organic molecule determinations are also achievable for species that can be rendered in 
charged forms depending on the pH value of the buffer.  The pH value is an important 
parameter in order to carry out deprotonation or protonation of organic molecules in 
dependence of their dissociation constants.  For example, the separation of amines in 
their protonated form can be carried out using an acidic buffer [53, 54], while the 
separation of carboxylic acids generally requires pH values higher than 5 to achieve 
deprotonation of the carboxylic group, see example [55].  Hence, CE-C4D provides many 
advantages for both inorganic and organic compounds.  Several review articles for CE-
C4D in various applications have been published emphasizing environmental, 
pharmaceutical and forensic fields [13, 48, 56-58].   
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In clinical analysis, CE has many attractive attributes.  The particular features of 
biological samples consist of small sample volumes and complex matrices.  Thus, an 
effective and selective technique is required for these samples.  CE is a suitable assay for 
clinical samples analysis whereby the method only requires sample amounts that are less 
than 10 nL and a sample preparation step is not needed.  CE in general is suitable for 
clinical samples such as blood, urine, saliva and tissues and the determination of 
inorganic, organic and macro molecules is possible in the same run.  CE for clinical 
analysis has primarily been utilized for small inorganic ions and later been facilitated for 
organic acids which are biomarkers for clinical diagnosis, see for example [59-62]. 
Besides, CE had been used to separate amino acids in human body fluids, such as human 
plasma and amniotic fluid for the diagnosis of amino acid metabolic disorders [63, 64].   
The determination of heparin, an anticoagulation agent in blood plasma had also been 
successfully examined by Tuma, et.al [65] and the same research group recently reported 
the fast monitoring of 28 biogenic amino acids in body fluid using a short a capillary of 
25 µm id with an effective length of 18 cm [66].  CE-C4D has been used in the analysis 
of larger bio-molecules such as hemoglobin [67], serum protein [68], human 
immunoglobulin M (IgM) and immunoglobin G (IgG) [69].   The determination of nerve 
agents had also been accomplished [70].   Recently, the monitoring of enzyme reactions 
was also successfully conducted using CE-C4D [71, 72].  An indirect measurement has 
also been employed for this monitoring.  Urea in human blood serum, which is a non-
ionic substance, was converted to ammonia by urease and detected by C4D [73].  A 
comprehensive review article for the determination of enzymatic activity by CE has been 
written by Glatz [74].      
 
In pharmaceutical analysis, CE can also be utilized for the measurement of drugs and 
their metabolites.  Several pharmaceutical drug determinations have been achieved using 
CE-C4D, such as ethambutol [75], atenolol and amiloride [76] as well as methotrexate 
and its metabolites [77].  Chiral analysis in the field of pharmaceutical drug  development 
is also important.  The presence of different enantiomeric structures in the pharmaceutical 
products generally represents different medical effects.  The specific enantiomers usually 
demonstrate different activity, toxicity, transport mechanisms and metabolic routes.  CE-
C4D for chiral selection has been explored.  The enantiomeric operation in CE can be 
carried out by adding a specific chiral selector additive into the buffer.  Cyclodextrin or 
its derivatives (CDs) have been largely used to achieve the enantiomeric separation of 
many basic drugs [78, 79].  A chiral crown ether, namely 18-crown-6-tetracarboxylic 
acid (18C6H4) have been utilized for the enantiomeric separation of drugs, basic amino 
acids or amine compounds [80]. Hence, CE has been considered as a powerful method 
and multifunctional assay method for clinical purposes, as reviewed by Sniehotta, et.al 
[81].  
 
The applications of CE are not only limited to clinical and pharmaceutical analysis, but it 
is also useful for food analysis.  Food is usually based on complex mixtures that consist 
of both inorganic and organic species in various products.  Food composition is important 
for investigation to guarantee the quality and to ensure consumption safety.  Analytical 
methods for food must be well-suited in terms of efficiency and resolution.  The most 
frequently determined compounds in food analysis are inorganic ions that can be 
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measured at relatively low concentrations in various samples by CE.  The determination 
of the small organic ions was achieved in conventional CE [82] as well as in microchip 
CE [83].  Organic acid determinations in food have also been successfully examined by 
CE-C4D.  The determination of organic acids is known to be important for monitoring 
quality during food storage.  The presence of organic compounds in food can also be used 
to indicate the stability of food products and to prevent an antibacterial and anti oxidant 
activities [84].  Moreover, organic acids play an important role in creating taste and 
aroma.  That is the reason why they are normally present in various foods and beverages.  
Organic acids such as α-hydroxy acids (AHAs) are widely used in many cosmetic 
products such as exfoliants, moisturizers and emollients to correct skin disorders, 
increase skin hydration, induce the removal of the outer layers of the skin, and improve 
some of the visible effects of ageing by reducing lines and wrinkles as well as stimulating 
skin cell removal [85].  Benzoic acid and sorbic acid can be used as antifungal 
preservatives against molds and yeasts to ensure long-term microbial stability [86].  
Besides, various macromolecules in food such as carbohydrates [87], proteins and amino 
acids [88-90], fatty acids [91] have been comprehensively determined.  The analysis of 
contaminants has also been achieved by CE-C4D such as metals [92], vitamins [93], 
pesticides  [94] and microbial contamination [95].  The applications of CE-C4D in food 
analysis can be found in the review article by Kubáň, et.al [57] and in the recent review 
articles by Vallejo-Cordoba and González-Córdova [96] and Herrero et.al [97]. 
 
 
1.4   Aims of this thesis 
 
The aim of this thesis was to develop CE-C4D techniques for the determination of small 
organic metabolites, namely uric acid, lactic acid, carnitine and acylcarnitines which are 
not sensitive for UV detection.  The CE conditions were comprehensively optimized 
which included buffer selection, pH control and additive effect.  The optimum conditions 
were systematically validated (LOD, linearity, repeatability, reproducibility and 
recovery) and applied in quantifying the ions of interest in clinical and food samples.     
 
Firstly, uric acid was chosen as our target compound.  Determination of uric acid in 
plasma and urine is important to estimate the risk of gout and kidney failure.  Many 
methods for the determination of uric acid with different detection limits have been 
reported.  However, to our knowledge CE-C4D has not yet been utilized to analyze this 
compound.  Hence, we selected uric acid as an exemplary analyte to explore our scope of 
CE-C4D for routine clinical analysis.  We studied the composition of buffer and its pH in 
order to achieve an effective determination.  The validated method was utilized for direct 
determination of uric acid in human plasma and urine samples and the developed method 
was compared to the standard enzyme assay.   
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Secondly, the concentration of lactate was quantified in various clinical samples.  The use 
of conductivity detection is well suited for lactate due to its poor responses to UV 
detection.  Lactate is related to glycolysis during energy production which results from 
the anaerobic metabolism.  The determination is important to estimate exercise 
performance which is known by the term of “lactate threshold”.  The quantification of 
plasma lactate under different exercise conditions was investigated and the lactate 
threshold curve was obtained.  CE conditions were optimized and a method validation 
was carried out.  The quantitative results of plasma lactate were compared to the standard 
enzyme assay.   
 
Thirdly, the determination of carnitine, as well as of short- and medium-chain 
acylcarnitines was developed.  Carnitine acts as the transporter of long chain fatty acids 
to mitochondria and generates different acylcarnitines.  To our knowledge, the use of CE-
C4D for the determination of free carnitine and acylcarnitines has not yet been reported.  
The similarity of their structures created a big challenge for high efficiency separation.  
Hence, we optimized and developed the method for direct quantitative determination of 
carnitine and six acylcarnitines in various clinical samples.  CE conditions were studied 
and the results were compared with enzymatic and chromatographic methods.  
 
Fourthly, we further worked on food analysis in measuring the enantiomers of D- and L-
lactic acid.  The CE-conditions were adoped from the work on gamma-hydroxybutyric 
acid (GHB) reported by Gong, et.al [98].  The presence of vancomycin as an additive was 
successfully utilized to separate enantiomerically and quantified the hydroxyl acid 
compounds in clinical samples.  It was thus of interest to further explore the use of 
vancomycin for the determination of α-hydroxyl acid mainly lactic acid in food samples.  
The optimization and method validation for D- and L-Lactic acid were investigated.  The 
quantifications of D- and L-lactic acid in dairy products are reported.      
 
Finally, using the optimized CE-conditions from the previous work, an acetic acid buffer 
was used for the determination of carnitine and acylcarnitines in clinical samples to 
investigate the carnitine concentrations in various food and food supplements.  Only a 
few reports had focused on the carnitine determination in food.  Hence, we decided to 
employ the developed method for carnitine determination in food analyses.  The method 
was validated and applied for carnitine determination in food and food supplements. 
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2.  RESULTS AND DISCUSSION 
 
The results and discussion chapter consists of five research articles.  These consist of 
three publications reprinted (one publication in Analytica Chimica Acta and two 
publications in Electrophoresis), one preprint of a paper recently accepted for publication 
in Electrophoresis and one manuscript that has been submitted to the Journal of 
Chromatography B.  The first three articles, which are related to the clinical applications, 
are presented in the sections 2.1-2.3.  The other two articles (sections 2.4-2.5) are based 
on the work in food analysis.        
  
 
2.1 Capillary electrophoresis with contactless conductivity detection for 
uric acid determination in biological fluids 
 
Uric acid is a heterocyclic compound with the chemical structure shown in Figure 6. It is 
a weak organic acid with dissociation constant of 5.4 pKa1 and 10.3 pKa2.  In mammals, 
uric acid is a final metabolite of the purine metabolism, see the schematic of the purine 
metabolism in Figure 7. 
 
 
Figure 6.  Chemical structure of uric acid 
 
In the normal serum, the pH value is slightly alkaline (pH 7.35-7.45).  Thus, almost all 
the uric acid is presented as a monovalent anion and is usually found in serum in the 
concentration range from 100 to 400 µmol/L.  It can go lower or higher than the normal 
range depending on the metabolism or uptake of purine. A high level of uric acid in blood 
is called hyperuricemia which represents a risk factor for gout.  Furthermore, the decrease 
of renal excretion of urate generally is associated with cardiovascular disease and 
metabolic disorders.  To keep the balance of plasma urate, 70% of urate is eliminated by 
the kidney which performs the main regulatory function and 30% of urate is excreted via 
the intestines.  Urinary excretion of urate is presented in the range from 2 to 4 mmol/24h 
and results in a renal clearance of 6 to 11 mL/min.  A disorder of the excretion that leads 
to the crystallization of urate in kidney is commonly known as uric acid kidney stone.   
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Figure 7. Purine metabolism 
 
We investigated the determination of uric acid by CE-C4D and it was noticed that 
extensive optimization of the buffer was needed to achieve its quantification in clinical 
samples with complex matrices.  Uric acid could be measured in the anionic form when 
the electrolyte pH was higher than its pKa of 5.7.  The arginine/maleic acid buffer system 
consisting of 20 mmol/L L-arginine and 10 mmol/L maleic acid together with 50 µmol/L 
of CTAB at pH 7.0 was first investigated to analyze standard uric acid in aqueous 
solution.  However, its response to clinical samples was unsatisfactory.  An unstable 
baseline was observed and this may be due to heating or the adsorption of interferants 
inside the capillary.  An alternate buffer of MES/His was later investigated.  We found 
that the optimal buffer condition of 10 mmol/L of MES/His and 0.1 mmol/L CTAB at pH 
6.0 could be used to achieve the accurate quantification of uric acid in biological samples.  
By performing method characterization, the accuracy of the developed method was 
checked by analyzing a certified bovine serum and eventually recovery up to 92% was 
obtained.  The detection limit was at 3.3 µmol/L and the repeatability as well as 
reproducibility were acceptable.  The results agreed well with the standard enzymatic 
method and the paired t-test value showed no significant difference between the two 
methods at the 95% confidence level.   
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2.2 Quantification of plasma lactate concentration using capillary 
electrophoresis with contactless conductivity detection 
 
Lactic acid, 2-hydroxypropanoic acid, has the chemical formula C3H6O3.  It is commonly 
known as milk acid.  Lactic acid was first found in 1780 by the Swedish chemist Carl 
Wilhelm.  Lactic acid has two isomeric forms; L- and D-lactic acid, see the difference 
isomeric structures in Figure 8. 
 
 
 
 
Figure 8.  The enantiomeric structures of L- and D-lactic acid  
 
Lactate is a metabolite compound present in several metabolic processes. In the 
carbohydrate pathway, carbohydrate are first broken down to glucose and then converted 
to pyruvate.  This process is called glycolysis as shown in equation (a).    Pyruvate can be 
further oxidized to acetylCoA in aerobic conditions through the aerobic metabolism.  
Pyruvate can be also oxidized to lactate in the presence of the lactate dehydrogenase 
enzyme (LDH) in anaerobic conditions. Both aerobic and anaerobic metabolisms are 
using NADH and H+ as co-factors, see the reactions given below 
 
 
 
 
where   (a)  = glycolysis 
(b)  = aerobic metabolism 
(c)  = anaerobic metabolism 
  
In the aerobic metabolism, pyruvate is shuttled into mitochondria and oxidized into 
acetylCoA entering the citric acid cycle.  Thus, the production of lactic acid is still small.  
In contrast, the mitochondria becomes unable to continue ATP production at the 
sufficient rate for any muscle cell activity due to the absence of oxygen during exercise.  
Consequently, glycolysis is stimulated and increases the metabolism rate in order to 
produce extra energy.  This eventual process leads to a higher pyruvate production.  A 
high amount of pyruvate will be converted into lactate rather than turning into citric acid.   
However, L-lactic acid is the only lactic acid form which is metabolized in mammalian 
metabolism while D-lactic acid is not a human metabolite.  D-lactic acid can be formed 
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by some micro-organisms only or produced by the bacterial flora of the gut in 
pathological conditions [99].   Thus, high amounts of L-lactate produced accumulate in 
the organs where it is produced.  Lactate will be released to the blood stream and 
transported to the liver and kidneys in order to convert it to glucose in order to balance its 
normal value.  Blood lactate is usually found in the range from 1 to 2 mmol/L and it 
might also able to reach values as high as 20 mmo/L after prolonged exercise. High levels 
of blood lactate can lead to its accumulation in muscle and reduces blood pH.  Several 
physical signs, such as rapid breathing, vomiting or muscle fatigue is presented when 
lactic acid accumulation has occurred.    
 
Blood lactate level in human can be utilized for evaluating an exercise performance for 
physical training.  This monitoring is known as lactate threshold study. Lactate threshold 
(LT) means the exercise intensity that is associated with a substantial increase in blood 
lactate during an incremental exercise test [100].  The relationship between blood lactate 
concentration and exercise period is normally acquired as an exponential increase, see in 
Figure 9. 
 
 
Figure 9.  The model of lactate threshold curve 
 
A lactate threshold curve generally represents the ratios between the rate of production 
and removal of blood lactate during exercise.  At the beginning of exercise, the rate of 
lactate production is still stable.  During exercise, the ATP is more demanded.  As 
consequence, the lactate production is higher than the removal process until it reaches the 
maximum point and goes down to the normal value in rest condition.  The LT value is 
normally set in plasma lactate as 2 mmol/L [101].  Hence, the exercise performance that 
reaches this concentration level will be utilized to investigate the exercise period and 
exercise capacity.   
 
We reported the quantification of plasma lactate in various clinical samples.  Lactate was 
characterized in its anionic form by using the buffer at a pH higher than its pKa at 3.86.  
MES/His buffers at different concentrations in the range from 5 to 50 mmol/L were 
investigated.  Additions of CTAB at different concentration were also tested in order to 
reverse the EOF.  The buffer at 10 mmol/L MES/His and 70 µmol/L CTAB at pH 6.0 
was found to be the optimum. Calibration was carried out in a concentration range from 
10 to 1000 µmol/L and good linearity with a correlation coefficient of 0.9994 was 
  
LT
LT1 
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obtained.  The LOD of 3.3 µmol/L was achieved.  Certified reference standard solutions 
and various plasma samples were quantified. The lactate threshold curve was noticed as 
exponential increasing trend.  The quantitative results were found comparable with the 
standard enzymatic method and the correlation between two methods was satisfactory.  
 
 
2.3 Capillary electrophoresis with contactless conductivity detection for 
the determination of carnitine and acylcarnitines in clinical samples 
 
L-carnitine ((R)-3-carboxy-2-hydroxypropyl) trimethylammonium) was first isolated 
from muscle tissue and functions as a growth factor for mealworm.  It is commonly 
known as vitamin Bt.  Carnitine generally exists in two enantiomeric forms, L- and D-
carnitine, see the different structures in Figure 10.  However, only L-carnitine is 
biologically active while D-carnitine is considered to be a toxic influence on biochemical 
processes.  
 
 
 
 
Figure 10. Chemical structures of L- and D-carnitine 
 
 
In human body, carnitine is synthesized from the amino acid lysine and methionine in the 
liver and kidney, see the metabolism pathway in Figure 11.  Carnitine plays an important 
role in fatty acid metabolism.  It acts as a carrier to shuttle the long chain acyl-fatty acids 
into mitochondria for β-oxidation and energy production.  The inner mitochondria 
membrane is otherwise impermeable for fatty acids.  Hence, fatty acids must be reacted 
with ATP to form the fatty acyl adenylates, see the process in Figure 12.  The fatty acyl 
adenylates are activated to acylCoA in the outer mitochondria membrane and conjugated 
to carnitine using carnitine palmitoyltransferase (CPI) enzyme generating with different 
chain lengths of acylcarnitines. Acylcarnitines are shuttled across the inner mitochondria 
membrane using enzyme translocase and are converted to acylCoA by carnitine 
palmitoyltransferase (CPT II) in the inner mitochondria.  Free carnitine is then released 
and returned to the cytosol while the free fatty acid is entering into β-oxidation.  
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Figure 11. Pathway of carnitine biosynthesis 
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Figure 12. The process of transportation of fatty acids by carnitine 
 
 
The different short and medium chains of aclycarnitines are listed as follows: 
 
 
 
 
 
Compounds R = 
Carnitine 
Acetylcarntitine 
Propionylcarnitine 
Isovalerylcarnitine 
Hexanoylcarnitine 
Octanoylcarnitine 
Valproylcarnitine 
Myristoylcarnitine 
Palmitoycarnitine 
Stearoylcarnitine 
H 
COCH3 
COCH2CH3 
COC(CH3) 
CO(CH2)4CH3 
CO(CH2)6CH3 
CO(CH2)6CH3 
CO(CH2)12CH3 
CO(CH2)14CH3 
CO(CH2)16CH3 
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Carnitine not only functions as fatty acid shuttle but it is also believed to be important to 
regulate the acetylCoA/free CoA ratio of the mitochondria.  It maintains sufficient 
cellular levels of free coenzyme A (CoA) and acts as a scavenger of unwanted acyl 
groups. High amounts of carnitine and acylcarnitines are usually discovered in various 
tissues.  In particular, tissues such as cardiac and muscle tissues require extremely high 
energy uptake.  Free carnitine and acylcarnitines namely acetylcarnitine, are mostly 
found in plasma and tissue of healthy persons.  Reported plasma carnitine in healthy 
adults is usually in the range from 38 to 44 µmol/L and acetylcarnitine was found in the 
range from 6 to 7 µmol/L [102].   In order to regulate plasma carnitine in the human 
body, the kidneys play a vital role to perform a regulatory function via urine excretion.  
The excretion of carnitine is reported in the range from 81 to 290 nmol/ml and 
acetylcarnitine is removed in the range from 22 to 100 nmol/ml.  If plasma carnitine 
decreases below reference value, fatty acid metabolism disorder will occur that might 
lead to primary carnitine deficiency.  Consequently, it will cause the loss of energy and 
an accumulation of free fatty acid in various organs.  Secondary carnitine deficiency can 
be associated with other metabolic disorders such as amino acid disorder and chronic 
renal disease.   
 
In this section, the determination of carnitine and acylcarnitines consisting of short-, 
medium- and long chain-acylcarnitines by CE-C4D is reported.  Carnitine is a poor UV-
absorbing molecule, but it can be readily detected by conductivity detection.  The 
separation of the structure similar carnitine and acylcarnitines needed to be carefully 
investigated and optimized.  We successfully achieved the determination of carnitine and 
acylcarnitines in their cationic forms using an acetic buffer system.  Acetic acid without 
additives was found to be inadequate for clinical sample analysis because of an unstable 
migration time of compounds.  This may be due to the adsorption of protein from the 
sample onto the capillary wall.  Besides, acetic acid buffer was not able to separate the 
two carnitine isomeric structures, namely valproyl- and hexanoyl-carnitine.  In addition, 
the long chain acylcarnitines consisting of myristoyl-, palmitoyl- and stearoyl-carnitine 
were found to be requiring extremely long migration times using the same buffer.  Hence, 
we decided to focus on short- and medium-chain acylcarnitines in our scope and the 
target analytes consisted of free carnitine, acetyl-, propionyl-, isovaleryl-, hexanoyl-, 
valproyl- and octanoyl-carnitine.  In order to achieve desirable reproducibility, Tween 20, 
a non-ionic surfactant, was added to the buffer with the optimal content as 0.05%.  To 
distinguish the isomeric compounds of valproyl- and hexanoyl-carnitine, buffer modifiers 
consisting of 18-crown-6, heptafluorobutyric acid, cyclodextrin and its derivatives were 
investigated. We also found that an acetic acid buffer in the presence of hydroxypropyl-β-
cyclodextrin (HP-β-CD) was optimal to separate those two carnitine isomers.  The 
developed method was utilized to determine plasma samples from patients in a study to 
investigate the effect of oral carnitine supplementation on exercise performance.  Further 
to access the quantity of valproylcarnitine, the plasma and urine samples from the 
patients who orally consumed valproic acid were analyzed.   The results were found 
comparable with the enzymatic- and HPLC-MS method.   The correlation between the 
methods was acceptable.               
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2.4 Determination of the enantiomers of α-hydroxy- and α-amino acid in 
capillary electrophoresis with contactless conductivity detection 
 
Hydroxy acids namely lactic acid are not only important in the clinical field, but are also 
widely utilized in many applications.  The use of lactic acid can be easily be found in the 
cosmetic field due.  L-lactic acid is one of the α-hydroxy acids (AHAs).  AHAs are 
believed to keep the skin healthy. In addition, lactate in chinese medicine is also the main 
water soluble compound in herbal drugs for the treatment of coronary heat disease, 
cerebrovascular disease, bone loss, hepatitis, hepatocirrhosis and chronic renal failure 
[103].   Besides, lactic acid is considered to be the most common acidic constituent of 
fermented milk products.  That is the reason why it is also called milk acid.  Lactic acid is 
responsible for the sour taste and used to improve microbiological stability and safety in 
foodstuffs.  L-lactic acid is the non-toxic form while the presence of D-lactic acid in the 
manufacturing may indicate a microbial contamination.  The presence of D-lactic acid in 
water has a different sour taste from L-lactic acid [104].   
 
The determination of D- and L-lactic acids in food samples by CE-C4D is demonstrated.  
The CE conditions such as type of buffer, buffer pH and chiral selector selection were 
adopted from the original work reported by Gong, et.al in which they reported the 
determination of γ-hydroxyl-acid, namely gamma-hydroxybutyric acid (GHB) in clinical 
samples [98].  The use of vancomycin as a chiral selector can be separated 
enantiomerically of α-, β- and γ-hydroxylbutyric acids.  Using the Arginine/maleic acid 
buffer at pH 7.35 and vancomycin as a chiral selector, the determination of γ-
hydroxylbutyric acid (GHB) in urine and serum samples has been reported [98].  Gong 
later developed the Tris/Maleic acid buffer to separate the enantiomers of α-hydroxy and 
α-amino acids namely, namely lactic acid, 2-hydroxybutyric acid, 2-hydroxycaproic acid, 
2-hydroxyoctanoic acid and 2-hydroxydecanoic acid, aspartic acid and glutamic acid.  
The best buffer at pH 7.35 consisting of 10 mM of Tris, 4.4 mM of maleic acid, 0.03 mM 
of CTAB and 5.0 mM of vancomycin was obtained.  Under these conditions, the 
enantiomeric separations for all compounds were considered adequate with Rs-values 
≥1.5.  A detection limit of 2-hydroxybutyric acid was established as 0.3 µmol/L while the 
enantiomeric separations of D- and L-lactic acid in milk and yogurt samples were carried 
out.  However, the validation of the method for D- and L-lactic acid quantification has 
not yet been reported.   
 
As a further development of this method, we utilized the CE conditions for the 
enantiomeric separation and quantification of α-hydroxy-acid, mainly lactic acid.  We 
investigated and extended herein the validation of the method (linearity, LOD, LOQ, 
intra-day and inter-day variabilities of migration and peak area) in order to quantify D- 
and L-lactic acids in dairy food samples.  We also achieved the separation of D- and L-
lactic acid in Tris/Maleic acid using vancomycin as the modifier.  We performed method 
characterizations for linearity at the concentration range of 10 to 500 µmol/L and the 
correlation coefficient values up to 0.9990 were obtained.  The LODs were calculated as 
2.8 µmol/L for L-lactic acid and 2.4 µmol/L for D-lactic acid.  The intra- and inter-day 
variabilities of the migration time and peak area were less than 10%.  The validated 
method was applied for determination of L- and D-lactic acid in fresh and spoilt milk and 
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yogurt samples (2 and 10 days spoiling).  The results showed that the present of L-lactic 
acid could be easily detected while D-lactic acid was also found after spoiling. 
 
 
2.5 Determination of carnitine in food and food supplements by 
capillary electrophoresis with contactless conductivity detection 
 
As discussed previously, L-carnitine in the body is biosynthesized from the amino acids 
lysine and methionine.  However, the synthesis of carnitine in human body is generally of 
low amount.  The majority of the carnitine in human body originates from food intake.  
High amounts of L-carnitine are particularly found in red meat, fish and dairy products 
while smaller amounts are usually present in fruits and vegetables, except for avocardo 
and some fermented soy products where a high content of carnitine is found [105].     The 
normal need for daily L-carnitine intake for an adult is between 0.3 and 1.9 mg per kg 
body weight [106].  The partial diet of carnitine in food will lead to a diminished of L-
carnitine synthesis and muscle fatigue [107].   Due to its function in the fatty acid 
metabolism, it is also widely utilized in weight management programs as it is believed 
able to increase a fatty acid metabolism.  That is the reason why carnitine supplements 
are often found in markets nowadays.  Persons such as athletes, vegetarians and pregnant 
women may consider an oral intake of a carnitine supplement.     
 
The determination of carnitine in food and food supplements was developed using the 
same CE conditions as for the clinical analysis.  The optimized buffer consisted of 500 
mmol/L acetic acid and 0.05% Tween 20.  Linearity was obtained with correlation 
coefficients up to 0.9996 in a concentration range of 5 to 500 µmol/L.  The LOD was 
determined as 2.6 µmol/L and the intra- and inter-day variabilities were acceptable with 
RSD < 10%.  The accuracy of the method was checked by taking the contents declared 
on the product labels.  The method was utilized for the determination of carnitine in 
several foodstuffs, namely fruit juices, milk, yogurt, cheese and meat.   
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